Heterochromatin is a specialized chromatin structure in chromosomal regions associated with repeated DNA sequences and low concentrations of genes. Formation of heterochromatin is determined in large part by enzymes that modify histones and structural proteins that bind to these modified histones in a cooperative fashion. In Drosophila, mutations in genes that encode heterochromatic proteins are often dominant and increase expression of genes placed into heterochromatic positions. To find components of telomeric heterochromatin in Drosophila, we screened a collection of autosomal deficiencies for dominant suppressors of silencing of a transgene at the telomere of chromosome 2 L . While many deficiency chromosomes are associated with dominant suppressors, in the cases tested on chromosome 2 the suppressor mapped to the 2 L telomere, rather than the deficiency. We infer that background effects may hamper the search for genes that play a role in telomeric heterochromatin formation and that either very few genes participate in this pathway or mutations in these genes are not dominant suppressors of telomeric position effect. The data also suggest that the 2 L telomere region plays a major role in telomeric silencing.
T ELOMERES are structures at the ends of linear
Telomeres typically consist of a tandem array of GCrich telomeric DNA repeats specified by copying of the chromosomes that are required for chromosome stability. They allow the linear DNA molecules to comtemplate sequence within the telomerase RNA. These DNA repeats bind a set of sequence-specific DNA-bindplete the replication of chromosome ends. Telomeres also cap chromosome ends, which would otherwise reing proteins that, through separate domains, bind additional proteins to assemble an inferred higher-order semble DNA double-strand breaks. In addition, telomeres form a domain of transcriptionally repressed complex nucleated on the telomeric DNA repeats (Blackburn 2001) . In S. cerevisiae, where TPE is most extenchromatin.
A prominent characteristic of telomeres is heterosively studied (Dubrana et al. 2001; , Rap1p binds to multiple sites within the telomeric repeats and, chromatin-like organization of surrounding chromatin. Silencing [termed telomeric position effect (TPE)] is together with chromosome end-binding proteins yKu70p and yKu80p, recruits the silent information regulation observed when genes are placed near telomeres in Trypanosoma brucei (Horn and Cross 1995; Rudenko et al. silencing complex (Kyrion et al. 1993; Moretti et al. 1994; Boulton and Jackson 1998; Laroche et al. 1998 Laroche et al. ). 1995 , Saccharomyces cerevisiae (Gottschling et al. 1990; Palladino and Gasser 1994) , Schizosaccharomyces pombe Chromosome ends in D. melanogaster do not terminate in an array of simple repeats that is synthesized by (Nimmo et al. 1994) , Drosophila melanogaster (Gehring et al. 1984; Hazelrigg et al. 1984 ; Karpen and Spradling telomerase, as in other species. Instead, Drosophila uses two families of non-long terminal repeat retrotranspo-1992; Levis et al. 1993; Wallrath and Elgin 1995) , and humans (Baur et al. 2001) . Such a widespread consons, HeT-A and TART, to elongate its chromosome ends (Mason and Biessmann 1995) . Proximal to the termiservation of telomeric silencing among eukaryotes suggests that it is fundamental to telomere function. Innal retrotransposon array Drosophila telomeres carry deed, telomere length maintenance and TPE in yeast several kilobases of complex satellites, termed telomereappear to be tightly connected (Kyrion et al. 1993 ; Park associated sequences (TAS), which exhibit sequence et al. 2002) .
similarities among themselves (Karpen and Spradling 1992; Walter et al. 1995) and structural similarities to TAS in other eukaryotes (Pryde et al. 1997) . Despite 1 meric regions (Gehring et al. 1984; Hazelrigg et al. mosomes maintained at the Bloomington Drosophila stock center (http://flystocks.bio.indiana.edu/). While 1984; Levis et al. 1985; Karpen and Spradling 1992;  many of the second chromosomes tested carried sup- Tower et al. 1993; Roseman et al. 1995 ; Wallrath and pressors of TPE, in every case examined in detail the Elgin 1995; Mason et al. 2000 Mason et al. , 2003a . As all variegating suppressor mapped to the 2L tip, rather than to the telomeric transgenes analyzed to date are embedded in site of the deficiency. In addition, several of these chroor lie adjacent to TAS (Karpen and Spradling 1992;  mosomes fail to hybridize a 2L TAS probe in situ, and Levis et al. 1993; Wallrath and Elgin 1995; Cryder- some fail to complement lethal mutations at l(2)gl, a man et Marin et al. 2000; gene very close to the 2L telomere. While the third 2001), TAS appears to play a role in telomeric silencing.
chromosome deficiencies were not characterized in deThis was demonstrated directly using a transgenic aptail, these results indicate that genetic background efproach . In Drosophila, variefects may be a serious complication when analyzing the gated repression of telomeric transgenes resembles posiability of extant mutants to suppress TPE. They also tion-e ffect variegation (PEV), the clonal inactivation of confirm reports (Golubovsky et al. 2001 ) that defia euchromatic gene that has been positioned close to ciencies of the 2L telomere strongly suppress silencing or within centric heterochromatin (Weiler and Wakiof a reporter gene in the homologous tips. moto 1995). TPE, however, appears to be qualitatively different from PEV, because genetic modifiers of PEV, including the presence of an extra Y chromosome, have MATERIALS AND METHODS no effect on repression of transgenes inserted into TAS sequences (Talbert et al. 1994 fore, tested only autosomal deficiencies. In the discuschromosome carries al, but the deficiency chromosomes do sion below, deficiencies are referred to by their senot, al could be used as a marker for mapping the suppressors, quence numbers in Table 1. but not the lethals. At least 100 chromosomes were counted To start, the standard deficiency kits were used to screen to map the suppressors, and 100 Cy ϩ chromosomes were counted to map the lethals.
the maximum fraction of the genome with the minimum In situ hybridization: Salivary chromosome squashes of larnumber of deficiencies. We assumed that all null alleles vae from deficiency stocks were prepared according to Kurewould have the same phenotype, and thus deficiencies on nova et al. (1998) . The balancer breakpoints were used as chromosomes that do not have a suppressor phenotype cytological markers to identify the 2L telomere region. A 6-kb identify regions devoid of dosage-sensitive suppressor fragment of the 2 L TAS array ) was used as probe, and the 2 L TAS array on the balancer acted genes. As regions of potential interest were identified, as a hybridization control. To confirm that hybridization ocadditional deficiencies were obtained to verify and refine curred with the balancer rather than with the deficiency chrothe position of a potential suppressor. Within the limits mosome, several deficiencies were retested from a y w 67c23 ; Df/ of the stock center collection, we tested deficiencies for SM1 stock, where the SM1 balancer chromosome is known to any given locus until we found a chromosome that did hybridize strongly to the 2 L TAS probe.
not have a suppressor phenotype. This led to unequal coverage of the genome, with some regions tested several times.
RESULTS
Some of the deficiencies could not be tested. Thirty deficiency chromosomes carried cryptic white genes that A screen for suppression of telomeric silencing: To inquire into the existence of suppressors of TPE in became obvious only in a control cross to y w 67c23 ; ϩ females that was run in parallel with the test cross. Drosophila and simultaneously map their positions, we b Ϫ, nonsuppressor; ϩ, equivocal suppressor with a phenotype that overlaps the nonsuppressed phenotype; ϩϩ, weak suppressor; ϩϩϩ, moderate suppressor; ϩϩϩϩ, strong suppressor (see Figure 1) .
c Determination of suppressor on the deficiency chromosome. FP1, false positive because the region of the deficiency is covered by one or more nonsuppressing deficiencies; FP2, false positive because the suppressor maps to the tip of 2 L rather than to the site of the deficiency; FP3, false positive because the region of the deficiency is covered by a combination of nonsuppressing deficiencies and deficiencies with suppressors that map to the 2 L tip; FP4, assumed false positive because the 2 L TAS is missing by in situ hybridization; FP5, assumed false positive because the deficiency chromosome fails to complement lethal mutations of l(2)gl ; FP6, the suppressor cannot be adequately tested because the phenotype overlaps wild type. Regions refer to map positions as shown in Figures 3 and 4. Twenty-two others required a duplication for viability. on only 40 (Table 2 ). The primary difficulty in obtaining useful data was due to the health of the deficiency flies; Six stocks were insufficiently marked to allow us to easily distinguish the deficiency from the balancer chromomany stocks had such poor viability on outcrossing that they could not be tested further. some. In total, we tested 372 deficiency chromosomes for suppression of TPE, 210 for chromosome 2, and 162
Meiotic recombination mapping of TPE suppressors: The most informative test, and the most demanding in for chromosome 3.
As chromosomes were tested, the deficiencies were terms of the health of deficiency-bearing individuals, was genetic mapping of the suppressor using a second aligned on a cytogenetic map to identify sites of potential suppressor genes. With the assumption that defichromosome marked with the recessive mutation al and the dominant mutations S wg 
Tft nw B Pin
Yt . This is ciencies with a nonsuppressor phenotype identified regions devoid of suppressor genes, it quickly became one of the few multiply marked chromosomes at the Bloomington stock center useful for recombination obvious that many of the tested chromosomes carried suppressors that are not within the bounds of the defistudies that did not carry a suppressor of TPE. No such third chromosome could be found; thus the third chromociencies being tested. These were deemed to be false positive results ( The suppressors on nine deficiency chromosomes 256 chromosomes), while the deficiency clearly is to the right of S, which is at 21EF. Thus, all nine cases constiwere mapped by meiotic recombination (Table 2 ). In each case the suppressor was inseparable from or to the tute false positives (Table 1, FP2) . As these tests clearly separated the suppressors from the deficiencies, further left of al, the left-most marker, which is located at 0.4 on the genetic map. In no case was there any evidence regions devoid of suppressors were identified, and more deficiencies could be eliminated as causing a suppressor for a suppressor at the site of the deficiency. There may be some question about the separation of the suppressor phenotype ( evidence that a partial or complete deletion of 2L TAS Deficiency designation is as in Table 1. acts as a suppressor of TPE silencing, these latter results suggest that the deletion need not show a discernible decrease in 2L TAS hybridization to exhibit a suppressor cies are to the left of al and could not be separated from the 2L tip, 4 are too sick to attempt genetic mapping, 1 phenotype. Finally, Df 81 fails to complement the l(2)gl mutations, but could not be tested in the other assays. died in our lab and at the Blooming stock center and could not be tested, 16 are inviable or sterile in combinaGiven the results on the other deficiencies, we believe that this gives a strong reason to doubt that the supprestion with y w 67c23 ; SM1, 4 are inviable or sterile in combination with y w 67c23 ; al S wg Tft nw B Pin Y , 4 have suppressor on this chromosome is a result of the deficiency itself, and this chromosome should be considered a false sor phenotypes too weak to map, and 8 were mapped.
2L TAS on deficiency chromosomes: We have shown positive (FP5) until demonstrated otherwise. Failure to complement l(2)gl mutations and to hybridize strongly previously (Golubovsky et al. 2001; Mason et al. 2003b ) that silencing of brown-red variants of P{w var } is supto the 2L TAS probe in situ suggests a suppressor at the tip of 2L, but does not unequivocally demonstrate that pressed by a complete, or even a partial, deficiency of the 2L TAS array on the homolog. A recent search for a deficiency does not uncover a suppressor. Thus, these deficiencies (FP4 and FP5) were dropped from further radiation-induced suppressors of telomeric silencing on chromosome 2 produced almost exclusively deficiencies consideration, rather than used to identify regions devoid of suppressors. of 2L TAS (A. Y. Konev and J. M. Mason, unpublished results) . We, therefore, tested 36 deficiency chromoGiven the high frequency of false positive results, we feel uncomfortable assigning sites of potential TPE supsomes for the presence of 2L TAS by in situ hybridization ( Table 2) . Eight of these showed no evidence for the pressors on the basis of equivocal results. We, therefore, chose to ignore deficiencies associated with a suppressor presence of 2L TAS, and 10 others showed only weak hybridization to the 2L TAS probe (Figure 2 ). Thus, a phenotype that overlaps wild type (Table 1, FP6) . A map of potential suppressors of telomeric silencing: substantial proportion of the suppressor chromosomes lack much or all of the 2L TAS array and are considered
In several regions with potential suppressor deficiencies the ambiguity surrounding the deficiency breakpoints to be false positives (Table 1, FP4 ). This proportion could be even higher than these data indicate, because of nonsuppressing deficiencies raised the possibility that the latter deficiencies might overlap. Overlaps would a partial deficiency for the TAS repeat sufficient to cause suppression of TPE may not be obvious from in situ eliminate the ambiguous regions as potential sites of TPE suppressors. We, therefore, looked for genetic evihybridization. Consistent with this idea, three chromosomes, Df 60, 144, and 177, with suppressors that map dence for overlaps. The FlyBase Consortium (2003) reports that complementation tests between deficiento the tip of 2L, suggesting a disruption of 2L TAS (Golubovsky et al. 2001; Mason et al. 2003b) , show cies and gene mutations indicate that Df 174 and 177 in cytological region 55 overlap, and Df 300 and 301 in relatively strong hybridization to TAS. Some of the deficiencies in Table 2 could not be tested for 2L TAS, region 84 also overlap, thus eliminating two potential sites of a suppressor of TPE. We conducted lethal combecause they did not produce satisfactory salivary chromosome spreads.
plementation tests between Df 189 and 193 in region 59 and found that they complement, indicating that Lethal complementation: Many of the identified deficiencies for 2L TAS are also mutant for the adjacent these two deficiencies do not overlap. Complementation tests indicate that Df 269 and 270 overlap, eliminatgene, l(2)gl (Golubovsky et al. 2001) . We, therefore, crossed the chosen deficiencies to l(2)gl mutants to ining a potential suppressor in region 76. After eliminating false positive and potential false poslie in the regions identified, we placed selected categories of genes on the same map. These include suppresitive results, a map was constructed to identify chromosomal regions that may contain suppressors of TPE (Figsors and enhancers of PEV, PcG, and trithorax group (trxG) genes; genes necessary for RNAi; homologs of ures 3 and 4). Twelve sites of potential TPE suppressors were identified on chromosome 2, and 6 on chromogenes that encode yeast telomeric proteins; genes that encode components of the nuclear lamin and nuclear some 3. Given the high frequency of false positive results and the inability to test all of the deficiency chromopores; and genes that encode post-translational histone modifiers. Of 108 autosomal genes examined, 2 fell into somes adequately, these are probably high estimates for the actual number of suppressors on these chromopotentially interesting sites identified by the deficiencies. These are Psc on chromosome 2, and gpp, the somes. As deficiencies for 2L TAS are strong TPE suppressors (Golubovsky et al. 2001; et Boivin et al. 2003) have implicated the defipartial deficiencies for 2L TAS may have strong suppressing effects on TPE (Golubovsky et al. 2001) , and ciency Su(z)2 5 as a suppressor of TPE. We, therefore, tested it for suppression and mapped the suppressors the present data showing that for half (3/6) of the chromosomes tested in both assays the suppressor that and lethals on this chromosome. A strong suppressor mapped to the 2L telomere region did not show a diswas found to be inseparable from al. A second supprescernible decrease in TAS hybridization, this proportion sor in the stock could not be mapped easily in the (18/36) is likely an underestimate of the number of presence of the strong suppressor. This second suppressuppressor chromosomes that lack at least part of the 2L sor segregated independently of al and did not segre-TAS. Taken together, these data reinforce and extend gate with either the X chromosome or chromosome 3.
previous suggestions that 2L TAS plays a major role in Thus, it may be on 2R [near Su(z)2] or chromosome 4.
TPE (Golubovsky et al. 2001; Mason et al. 2003b) . It There were also multiple lethals on the Su(z)2 5 chromois possible that the suppressive effect of 2L TAS defisome. One mapped to the tip of 2L and failed to compleciencies on silencing of P{w var }KR3-2 is the result of ment mutations for l(2)gl. Another lethal appeared to homologous interactions. These deficiencies, however, map to the Su(z)2 locus. Most of the tested chromosomes also suppress TPE at nonhomologous telomeres, while were noncrossover, however, and detailed mapping was the converse is not true; Df of 3R TAS do not suppress not pursued. The Su(z)2 5 chromosome also failed to TPE at 2L (M. D. Golubovsky, S. Prasad and J. M. hybridize to the 2L TAS. By these assays, it appears that
Mason, unpublished results). Thus, we believe that deone suppressor is associated with the 2L telomere and ficiencies for 2L TAS have a global impact on telomeric not related to the Su(z)2 5 deficiency, although we cannot silencing. exclude the possibility that the second suppressor is a 2L TAS hybridizes in situ with both the 2L and 3L result of the deficiency of the Su(z)2 locus. chromosome tips, but not with the tips of XL, 2R, or A recent report (Boivin et al. 2003 ) also implicates 3R (Mechler et al. 1985; Walter et al. 1995) , suggesting Psc 1 , a mutation in another locus uncovered by the a similar sequence for the former two TAS arrays. SeSu(z)2 5 deficiency, as a suppressor of TPE. We found quencing of BACs derived from the Drosophila Genome that the suppressor on this chromosome maps to the tip Project also indicates strong similarities between 2L and of 2L, not to the Psc locus. This chromosome, however, 3L TAS arrays (A. Villasante, personal communicacomplements the lethality of l(2)gl mutations. tion). We speculate that deficiencies for 3L TAS may have a suppressor phenotype similar to that seen with deficiencies for 2L TAS, and that deficiencies of 3L DISCUSSION TAS may be responsible for the high frequency of false As part of a systematic search for genes in Drosophila positives we find on chromosome 3. The difference in that play a role in TPE, we screened the Bloomington frequency between false positives on chromosomes 2 autosomal deficiency kits for dominant suppressors of and 3, that is, presumptive 2L and 3L TAS deficiencies, telomeric silencing. Of 372 deficiencies tested, 149 chrois consistent with the observation that l(2)gl mutants mosomes gave a positive response. The suppressors on exist at a high frequency in natural populations (Golu-124 (83%) of the latter are not associated directly with bovsky 1978) and that these mutations are primarily the deficiency itself, but appear to be due to a second terminal (i.e., TAS) deficiencies (Mechler et al. 1985 ; mutation on the deficiency chromosome. Ignoring deWalter et al. 1995) . It is possible that the terminal 2L ficiencies on chromosomes with a suppressor phenotype region is more susceptible to loss, or that heterozygous that overlaps wild type, we are left with 25 deficiencies deficiencies for the 2L tip region have a selective advanthat identify 18 potential sites of TPE suppressors. On tage (Golubovsky 1978). chromosome 2, where there were more deficiency chro-
The role of known genes on TPE: In an effort to ask mosomes with a suppressor phenotype and more tools whether other suppressors of genetic silencing may act to characterize them, 80% of the suppressors (67/84) on telomeres, we compared the map positions of were determined to be false positives, while on chromoSu(var) and PcG genes, as well as their opposites, E(var) some 3 more than half (10/18) were false positives.
and trxG genes, with the loci identified by the deficienGiven the high frequency of false positive results and cies. RNAi and histone modification may play a role in the inability to adequately test all of the deficiency chroheterochromatin formation; we therefore considered mosomes, we may have overestimated the number of genes that control these two processes. The position of suppressor genes.
telomeres in the nucleus, and especially proximity to 2L TAS plays a role in TPE: All nine of the suppressors nuclear pores, is important for telomeric silencing in mapped by meiotic recombination are at or near the yeast (Gotta et al. 1996; Galy et al. 2000) . We, there-2L telomere. In situ hybridization studies indicated that fore, examined genes that encode the structural compo-18 of 36 deficiency chromosomes tested lacked all or nents of the nucleus, including nuclear pores, and most of the 2L TAS array, independent of the position of lamin, as well as homologs of yeast genes that encode telomere-specific proteins. On the basis of the size of the deficiency. Given published observations that even the sites of potential suppressors of TPE and the number fourth chromosomes. R. Levis (personal communication), for example, has found that several mutant alleles of genes considered, and assuming random positions of the X-linked gene ph exhibit a suppressor phenotype for these genes, we would have expected approximately and that this phenotype is rescued by a duplication for six genes to lie in these sites; only two (Psc and gpp) the region. Although there may be some suppressors on fell within these sites. Therefore, the positions of these the X, the major autosomes make up 80% of the genome genes within sites of potential suppressors is not a strong and would be expected to carry a majority of suppressor indicator that the genes thus identified are important genes, if they are randomly distributed. Third, autosomal for telomeric silencing. Indeed, Cryderman et al. (1999) suppressor genes may exist in regions that have not showed that several mutant alleles of Psc do not have been uncovered by the deficiencies. Although this is suppressor phenotypes. Thus, this gene is probably not possible, the deficiencies we examined span 77% of the involved in telomeric silencing. two major autosomes. Thus, we should have found a Boivin et al. (2003) reported that several PcG and majority of suppressor loci, if they are distributed rantrxG mutations have an effect on telomeric silencing.
domly throughout the genome. This observation seems at odds with the present report.
Fourth, partial elimination of the relevant proteins How do we interpret the apparent discrepancy? Boivin may not suppress TPE. , and gpp mutations are dominant suppressors of assume that phenotypic differences between alleles in TPE (G. Shanower and P. Schedl, personal communidifferent genetic backgrounds are due to background efcation). fects until proven otherwise. These authors did the oppoFifth, we may have chosen the wrong phenotype. As site. Their approach seems destined to maximize the numwe do not know the mechanism of silencing, it is possible ber of false positive results. We reexamined two of the that many mutations in the process decrease, rather three second chromosome mutations they claim suppress than increase, gene expression in telomeric regions. telomeric silencing, Su(z)2 5 and Psc
1
, and showed that both While we did not score for enhancers specifically, they of these mutant chromosomes have a suppressor at the would have been visible in our screen. Other, more tip of 2L, even though the mutation being tested was on subtle phenotypes are also possible. 2R. Thus, the results of Boivin et al. (2003) require Finally, chromatin structure in telomeric regions of verification. Interestingly, previous results (Cryderman Drosophila, at least in and around the TAS array, may be et al. 1999) showed that a Psc 1 chromosome did not simple, with relatively few components. Further searches have a suppressor phenotype. It should be stressed that for disruption of telomeric silencing may reveal that genetic background effects can be a serious problem there are, in fact, few genes that play a role in TPE. when dealing with mutations from different sources.
TPE is independent of the chromosome capping comNumerous genes act to remodel and repress chromaplex: A few components of the telomere capping comtin in heterochromatin and around euchromatic genes plex have recently been identified. Heterochromatin during development. Many of these have been identiprotein 1 (HP1) binds to chromosome ends in Drosofied by dominant mutations that suppress this represphila independently of the presence of the terminal sion. We have found relatively few potential sites for transposon array or the TAS repeats (Fanti et al. 1998 ; genes that have a similar effect at telomeres. There are Siriaco et al. 2002) . Null mutations in Su(var)205, the several possible reasons for the difference. First, the 18 gene that encodes HP1, cause an increase in the length sites we have mapped may all identify suppressor genes.
of the terminal HeT-A/TART array when heterozygous This is unlikely, because for nine of nine second chro- (Savitsky et al. 2002) and telomere fusions when homomosomes on which we mapped the suppressor by meizygous (Fanti et al. 1998) . HP1 associates with HP1 otic recombination, the suppressor was located at the origin recognition complex-associated protein (HOAP; tip of 2L, rather than at the site of the deficiency on (var)205 and cav mutants. It has been proposed that Second, we looked at the major autosomes, but the these genes encode components of the telomere capping complex. Mutation or deletion of none of these suppressors of telomeric silencing may be on the X or
